INTRODUCTION
We recently developed a conditionally replicating human immunodeficiency virus type 1 (HIV-1) variant, HIV-rtTA, containing a reverse tetracycline transactivator (rtTA). This variant represents a unique viral tool, as replication of this drug-dependent variant can be turned on and off at will by simple addition/withdrawal of doxycycline (dox), a tetracycline analogue (Marzio et al., , 2002 Verhoef et al., 2001) . In wild-type HIV-1, transcription of the viral DNA genome is enhanced by the viral Tat protein, which binds to the viral transactivating responsive (TAR) RNA element. In HIV-rtTA, the nef gene has been deleted, and Tat and TAR have been inactivated by mutations and functionally replaced by components of the Escherichia coli-derived tetracycline-inducible (Tet-On) gene expression system (i.e. rtTA-and tetO-binding sites). Such a drug-controllable variant is a powerful tool to address several biological questions (Centlivre et al., 2008; Das et al., 2007) . For instance, this virus tool may facilitate mechanistic studies on HIV-1 proviral latency (Jeeninga et al., 2008) . It may also allow the study of the role of residual replication under combinatorial drug pressure, and it may help in defining the exact correlates of vaccine protection, as observed for live-attenuated simian immunodeficiency virus strains in the macaque model (Klausner et al., 2003) .
We have studied the virus replication characteristics and genetic stability of HIV-rtTA extensively in vitro using various cell-culture systems Das et al., 2004a, b; Zhou et al., 2006a) . These studies resulted in an optimized HIV-rtTA variant that replicates efficiently in PBMCs following dox addition, as well as in human tonsil lymphoid tissue ex vivo (Kiselyeva et al., 2004) . However, the in vivo replication properties and pathogenesis of HIV-rtTA still need to be evaluated. To address these questions, we used a humanized mouse model that offers a unique human-specific experimental set-up. BALB Rag/cc human immune system (BRG-HIS) mice, which harbour components of the HIS, are generated by injecting human haematopoietic progenitor cells (hHPCs) into immunodeficient [BALB/c RAG2 2/2 interleukin (IL)-2Rc c 2/2 ] newborn mice (Gimeno et al., 2004; Legrand et al., 2011; Traggiai et al., 2004) . All major subsets of the human innate and adaptive immune system are found in the reconstituted BRG-HIS mice, including T-and B-cells, conventional and plasmacytoid dendritic cells (cDCs and pDCs), macrophages and natural killer cells. Importantly, productive infection of HIV-1 (both X4-and R5-tropic strains) in BRG-HIS mice has been demonstrated, with infection parameters being reminiscent of those observed in humans Baenziger et al., 2006; Berges et al., 2006; Gorantla et al., 2007; Zhang et al., 2007) . The BRG-HIS mouse model therefore represents an attractive tool to analyse HIV-1 pathogenesis and to test the potential of new antiviral compounds in an in vivo setting.
In this study, we evaluated the in vivo replicative capacity of the conditionally replicating HIV-rtTA variant in BRG-HIS mice. Infection of BRG-HIS mice with HIV-rtTA in the presence of dox led to the establishment of a productive infection without inducing human CD4 + T-cell depletion. During the 10 weeks of infection follow-up, the virus did not show signs of escape from dox control. Overall, HIVrtTA is a promising tool to study in vivo virus-host interactions in a controlled fashion.
RESULTS

HIV-rtTA does not induce CD4
+ T-cell depletion in blood, despite active replication in the presence of dox BRG-HIS mice (12-15 weeks old) were infected intraperitoneally with 5610 4 TCID 50 of the HIV-rtTA variant (n59), parental HIV-1 LAI strain (n57) or HIV-1 LAI-DNef strain (n52) (Fig. 1 ), or were mock infected (n58). To ensure optimal virus replication on the day of virus injection, a dox diet (2 g kg 21 ) was initiated 3 days prior to infection Kleibeuker et al., 2009) . All animals were treated equally with a dox diet. We monitored plasma RNA viral load as well as the frequency of human CD4
+ and CD8
+ T-cells in the blood of the animals throughout the time course of the experiment (10 weeks; Fig. 2 ).
In the HIV-1 LAI-infected BRG-HIS mice, a rapid increase in plasma RNA viral load was observed, peaking at 1 week post-infection (p.i.) at~10 6 copies ml 21 (Fig. 2a) . In parallel with the RNA viral load increase, we observed a dramatic reduction in the percentage of blood human CD4 + T-cells as early as 2 weeks p.i. (Fig. 2b) , concomitant with an increase in the frequency of human CD8 + T-cells (Fig. S1a , available in JGV Online). In the HIV-1 LAI-DNef-infected BRG-HIS mice, plasma RNA viral load increased to a peak as high as that observed for the parental HIV-1 LAI but with a 1-2-week delay. The percentages of human CD4
+ T-cells in blood were severely reduced, whereas those of human CD8
+ T-cells were increased in these HIV-1 LAI-DNef-infected animals but also with 1-2-week delay compared with the HIV-1 LAI-infected group ( Fig. 2c and Fig. S1b ).
In the HIV-rtTA group, the increase in plasma RNA viral load was delayed compared with the parental HIV-1 LAI group and reached a plateau at 5-7 weeks p.i. at~10 5 copies ml 21 (Fig. 2a) . Furthermore the frequency of human CD4
+ and CD8 + T-cells remained stable in the blood of the HIV-rtTA group ( Fig. 2d and Fig. S1c) , similar to what was observed in mock-infected animals ( Fig. 2e and Fig. S1d ), even when the HIV-rtTA viraemia reached a plateau of~10 5 copies ml 21 . One HIV-rtTA-infected BRG-HIS mouse exhibited a reduced CD4 + T-cell percentage at 5 weeks p.i., but this animal also exhibited a severe reduction in the frequency of human haematopoietic (CD45 + ) cells. This reduction was already apparent at the time of virus injection and probably reflects an HIVindependent phenomenon. Indeed, the stability of the human xenograft in BRG-HIS mice decreases over time, especially when the animals reach 4-6 months of age (Lepus et al., 2009; Strowig et al., 2011; Traggiai et al., 2004) . Overall, we concluded that a steady accumulation of plasma RNA viral load can be observed in HIV-rtTAinfected BRG-HIS mice without human CD4 + T-cell depletion in the blood.
HIV-rtTA disseminates to lymphoid organs without depleting CD4
+ T-cells
We next analysed dissemination of infection to the lymphoid organs of the animals. BRG-HIS mice were sacrificed early and late after infection, at 3 and 10 weeks p.i., respectively. We harvested the bone marrow, thymus, spleen and liver of the animals and analysed their content for various human haematopoietic cell populations, in particular human CD4 + T-cells. We observed a profound reduction in human CD4
+ T-cell numbers in the thymus, spleen, liver and, to a lesser extent, bone marrow of the HIV-1 LAI-infected BRG-HIS mice at 3 weeks p.i. compared with the mock-infected group (Table 1) . Human CD4 + T-cell depletion persisted at 10 weeks p.i., with a more pronounced CD4 + T-cell reduction in the bone marrow ( Table 2) .
Similar to what we observed in the blood, HIV-rtTAinfected BRG-HIS mice did not exhibit human CD4
+ T-cell depletion in the analysed organs at 3 and 10 weeks p.i.
( Tables 1 and 2 ). Depletion of other human haematopoietic cell subsets was also not observed in the HIV-rtTA group at 10 weeks p.i. (Tables S1-S4 ). Interestingly, the thymus was significantly affected by HIV-1 LAI infection with a reduction in total human CD45 + cells and human CD8
+ T-cells compared with the mock-infected group (P,0.01 In vivo replication of a dox-dependent HIV-1 variant and P,0.05, respectively; Table S2 ). The human pDC subset was also significantly depleted in the spleen of the HIV-1 LAI-infected BRG-HIS mice (P,0.05; Table S3 ), in contrast to previous data obtained at 2 weeks p.i. with a dual-tropic strain (Zhang et al., 2011) . The numbers of human CD4
+ and CD8 + T-cells in the spleen of HIV-rtTA-infected animals showed a trend towards an increase, but this was not statistically significant compared with the mock-infected control group at 10 weeks p.i. (Tables 2 and S3 ).
To look for productive viral infection of human CD4
+ Tcells in the HIV-rtTA group, we performed intracellular staining with a mAb against the viral capsid p24 protein (CA-p24) on the splenocytes of BRG-HIS mice. We detected a significant fraction of human CA-p24 + cells in the spleen of HIV-rtTA-infected BRG-HIS mice ( Fig.  3a ), which were mostly (.95 %) human CD4
+ T-cells. The percentage of human CA-p24
+ cells increased at least tenfold from 3 to 10 weeks p.i. (Fig. 3b ), in accordance with the higher RNA viral load measured in the plasma of the animals. Of note, one HIV-rtTA-infected BRG-HIS mouse did not exhibit CA-p24 + splenocytes at 10 weeks p.i. This animal had no detectable RNA viral load at this time, but viral DNA was detected in the splenocytes.
To confirm dissemination of HIV-rtTA infection in the lymphoid organs and production of new virions by the infected human CD4
+ T-cells, we co-cultured BRG-HIS mice splenocytes ex vivo with activated human PBMCs harvested from healthy individuals in the presence of dox. We observed a steady accumulation of CA-p24 in the supernatant of the splenocyte co-cultures of HIV-1 LAI-and HIV-rtTA-infected animals in samples at both 3 and 10 weeks p.i. (Fig. 4a, b) . These results demonstrated that HIV-rtTA integrated as provirus in the genome of human CD4
+ T-cells from the spleen was able to productively infect new human cells and initiate a spreading infection. Consistent with the more aggressive profile of HIV-1 LAI, co-cultures of splenocytes from HIV-1 LAI-infected animals produced higher CA-p24 levels than those from HIV-rtTAinfected BRG-HIS mice. Co-cultures performed with the splenocytes of all HIV-1 LAI-and HIV-rtTA-infected animals exhibited detectable and increasing CA-p24 levels. When co-cultures were performed with cells isolated from the bone marrow of HIV-1 LAI-and HIV-rtTA-infected animals, we also observed virus replication (data not shown). Moreover, we performed these splenocyte cocultures with and without dox for the animals sacrificed at 10 weeks p.i., and HIV-rtTA replication was observed exclusively in the presence of dox ( Fig. 4c) , demonstrating that the HIV-rtTA variant had remained strictly dox dependent during the 10-week period of in vivo replication. Replication of HIV-1 LAI in the splenocyte co-cultures was not affected by the presence of dox (data not shown).
The absence of CD4
+ T-cell depletion with HIVrtTA does not correlate with the presence of an anti-HIV-1 B-cell immune response T-cell responses against pathogens (including HIV antigens) have not been reported in BRG-HIS mice (Baenziger et al., 2006) , whereas specific antibody responses to tetanus toxoid, hepatitis B surface antigen and ovalbumin can be generated in these animals following repeated vaccination (Becker et al., 2010; Huntington et al., 2011; Strowig et al., 2011; Traggiai et al., 2004) . However, previous studies have shown that when BRG-HIS mice are infected by HIV-1, only one of 25 mice was able to mount a detectable HIV-1-specific IgG response (Baenziger et al., 2006) . We wondered whether we would be able to detect an antibody immune response in HIV-rtTA-infected BRG-HIS mice because of the absence of human CD4 + T-cell depletion. To detect the presence of HIV-specific Igs (IgM, IgG and IgA), we performed an ELISA on plasma of the three groups of BRG-HIS mice (mock, HIV-1 LAI and HIV-rtTA) at 10 weeks p.i. No HIV-1-specific Igs were detected in the HIV-1-infected BRG-HIS mice (HIV-1 LAI and HIV-rtTA) (Fig. 5) . This result was confirmed by a Western blot assay, which did not detect specific Igs against HIV-1 protein in the three groups of BRG-HIS mice (Fig. S2) .
In vivo evolution of HIV-rtTA Next, we monitored the in vivo evolution of HIV-rtTA. By sequencing three regions of the viral genome [long-terminal repeat (LTR) with the TAR motif, tat and rtTA genes], we screened for mutations potentially leading to reduced dox dependency or restoration of the Tat-TAR axis. Viral RNA sequences and proviral DNA sequences were amplified respectively from plasma and splenocyte samples at 10 weeks p.i., and eight to ten TA clones (see Methods) were sequenced per animal. From the plasma of HIV-1 LAI-infected BRG-HIS mice, we were only successful in amplifying the Tat region. In two HIV-rtTA-infected BRG-HIS mice, we observed a single clone with a GAA hypermutated sequence, probably due to the action of the enzyme apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like 3G (APOBEC3G; Sato et al., 2010) .
We observed several point mutations across the LTR region in sequences from plasma and splenocyte samples of HIVrtTA-infected BRG-HIS mice at 10 weeks p.i. (between zero and seven point mutations per plasma sequence, and zero and four per splenocyte sample). However, none of the acquired mutations was present in both plasma and splenocyte samples from the same animal, which argues against outgrowth of these variants. Furthermore, no specific common mutation was found across the different mice analysed. Some of these LTR point mutations depicted in Fig. S3 have previously been observed in long-term in vitro replication cultures and have no impact on the doxdependent phenotype (unpublished data). We also did not observe point mutations in the TAR region that would restore the binding capacity of Tat (Fig. S4) . We did observe a correlation between the number of mutations acquired in the LTR region of plasma virus and the RNA viral load: the higher the RNA viral load, the more mutations had accumulated.
We sequenced the rtTA gene in plasma and splenocyte samples at 10 weeks p.i. and found several point mutations, but none of these changes has been associated with loss of dox control (Zhou et al., 2006a, c) . This is in accordance with the co-culture results, where no HIV-rtTA replication was scored in the absence of dox. As in the LTR analysis, we did not observe any dominant rtTA mutations in multiple clones of the plasma and splenocyte samples of each HIV-rtTA-infected BRG-HIS mouse, nor across the different HIV-rtTA-infected BRG-HIS mice.
We sequenced the tat gene and, in four of the six HIVrtTA-infected BRG-HIS mice at 10 weeks p.i., we observed several clones with the same GAA mutation at nt 182 in this gene. This point mutation leads to an amino acid In vivo replication of a dox-dependent HIV-1 variant substitution in both Tat (G61D) and Rev (A15T) located, respectively, in the C-terminal Tat domain and the Rev nuclear inhibitory sequence. This point mutation was observed in the plasma and splenocyte samples of HIVrtTA-infected BRG-HIS mice, and was also observed in a single plasma clone of a single HIV-1 LAI-infected mouse (Table 3) . It should be noted that this point mutation was observed in animals from two independent experiments. No other specific mutations were detected in the HIV-rtTA-or HIV-1 LAI-infected BRG-HIS mice. In the original HIVrtTA variant, Tat encodes the Y26A substitution, which abolishes the activity of Tat, but no reversion at this position was observed in HIV-rtTA-infected BRG-HIS mice.
DISCUSSION
In this study, we analysed the in vivo replicative capacity of the conditionally replicating HIV-rtTA variant. Because the major cellular targets of HIV replication are found among human haematopoietic cell subsets, the BRG-HIS mouse model is well suited to evaluate the in vivo replication capacity and genetic stability of HIV-rtTA. Overall, we found that HIV-rtTA was able to replicate in vivo in the presence of dox, as accumulating plasma RNA viral load was detected throughout the 10 weeks of infection followup. Moreover, the virus disseminated to lymphoid organs of the infected animals, with a remarkable number of detectable CA-p24 + human CD4 + T-cells (around 4 % at 10 weeks p.i.). Nevertheless, infection with HIV-rtTA induces a pathogenicity profile that is much less severe than that of the parental X4-tropic HIV-1 LAI strain, as replication of HIV-rtTA took place without human CD4 + T-cell depletion in blood and lymphoid tissues. were co-cultured with activated human PBMCs in the presence of 1000 ng ml "1 dox. (c) Splenocytes of HIV-rtTA-infected BRG-HIS mice obtained at 10 weeks p.i. were co-cultured with activated human PBMCs with or without 1000 ng dox ml "1 . Virus replication was monitored during the 14 days of co-culture by determination of the CA-p24 levels in the co-culture supernatants. Although HIV-rtTA infection of BRG-HIS mice resulted in a plasma RNA viral load plateau similar to that obtained for HIV-1 LAI and HIV-1 LAI-DNef at 4-6 weeks p.i., it is not clear why HIV-rtTA did not induce CD4 + T-cell depletion, despite a high frequency of infected (CA-p24 + ) cells. One could speculate that limited cytopathogenicity might be linked to the reduced replication capacity of HIV-rtTA, which was demonstrated previously in vitro Das et al., 2004a, b; Zhou et al., 2006a) and which is also apparent from the delayed kinetics of viral plasma RNA accumulation in vivo. This reduced replication capacity may result in a slower rate of human CD4
+ T-cell elimination, either via direct (virusinduced) or indirect (cytotoxic lymphocyte-mediated) cell killing, and therefore allows constant repopulation of the human CD4
+ T-cell compartment of BRG-HIS mice in a steady-state fashion. It also cannot be excluded that reduced virus replication kinetics contributes to the establishment of a cellular immune response that is able to control the virus -at least partially -as suggested by the trend towards enhanced numbers of human CD4
+ T-cells that we observed in the spleen of HIV-rtTAinfected BRG-HIS mice. Considering the rare occurrence of human T-cell responses in BRG-HIS mice studies reported so far, as well as the lack of a B-cell response against HIVrtTA, the latter possibility remains less likely.
It should be noted that HIV-rtTA is a Nef-deficient virus, as the rtTA gene was inserted in place of nef in the viral genome. This may explain the non-pathogenic phenotype of HIV-rtTA. However, when infections of BRG-HIS mice were performed with an HIV-1 LAI DNef virus (bearing an out-of-frame 106 bp deletion), pathogenesis was close to that of the parental X4-tropic HIV-1 LAI strain, ruling out a major Nef effect. Mechanisms other than Nef deletion should thus be responsible for the attenuation of HIV-rtTA pathogenesis. One possibility is that the numerous modifications introduced in the HIV-rtTA genome (tetObinding sites/rtTA; mutations of Tat/TAR) hamper viral gene expression in specific cellular subsets. For instance, HIV-rtTA gene expression will depend on cellular uptake of dox and a specific pool of transcription factors, which may in fact differ for HIV-1 versus HIV-rtTA. In addition, the viral gene expression rate may be altered because HIVrtTA mRNAs are less stable than the wild-type HIV-1 mRNAs. Such alterations in gene expression pattern were observed in BRG-HIS mice for a lentiviral vector in which GFP expression was dox dependent : the frequency of GFP-expressing cells was higher in B-cells and conventional DC subsets compared with T-cells and pDCs cells, whereas the GFP mean fluorescence intensity was lower in GFP + B-cells and T-cells than in the pCDs and cDCs. It is unlikely that a limiting dox level in the BRG-HIS mice was restricting HIV-rtTA replication, as the in vivo dox levels measured in the plasma of the BRG-HIS mice (.4000 ng dox ml
21
; Centlivre et al., 2010 and data not shown) were superior to those required for optimal replication in vitro of this highly active and dox-sensitive HIV-rtTA-V14 variant (10-100 ng dox ml
; Zhou et al., 2006b) . Furthermore, when a dox-inducible lentiviral vector was tested in the BRG-HIS mice, we observed reliable gene expression in response to dox in the blood and in diverse organs (bone marrow, thymus, spleen and liver) , supporting the notion that dox diffusion is not a limiting factor in this setting.
We investigated the genetic stability of HIV-rtTA in vivo. Interestingly, we did not observe mutations in the rtTA gene that may reduce dox control, which was confirmed by the absence of detectable CA-p24 in the supernatant of splenocyte co-cultures in the absence of dox. The introduced Tet-On axis (i.e. the rtTA-and tetO-binding sites) did not show fixation of any specific mutation in the 10-week time frame. However, a GAA mutation at nt 182 of tat was observed in four of the six HIV-rtTA-infected BRG-HIS mice. This mutation is not silent and affects the encoded Tat and Rev proteins by amino acid substitutions G61D and A15T, respectively. For Rev, the observation that HIV isolates exhibit natural variation at this position, with both A15 and T15 frequently observed, suggests that this mutation does not affect Rev function (Kubota & Pomerantz, 1998 ; HIV sequence compendium/Los Alamos database: http://www.hiv.lanl.gov/). For Tat, the G61D amino acid change has been observed previously in the ACH2 model for HIV latency (Emiliani et al., 1996) . However, HIV ACH2 Tat is fully functional and exhibits a similar transactivation activity to HIV-1 LAI Tat (Emiliani et al., 1996) . Moreover, in isolates from HIV-infected individuals, a certain degree of flexibility is present at aa 61 (Los Alamos database), with D61 frequently observed. Tat D61 has been observed in HIV-infected individuals presenting with various pathogenicity profiles, i.e. long-term nonprogressors and progressors (Yamada & Iwamoto, 2000) , and in superinfected HIV-1 individuals in both the primary and superinfecting strain (van der Kuyl et al., 2010) . All these data suggest that there is no association of the D61 substitution with a change in Tat activity. Alternatively, introduction of the inactivating Y26A mutation in Tat of HIV-rtTA may have affected other Tat functions needed by the virus for efficient virus replication and dissemination, and G61D may represent a compensatory mutation. Another interesting possibility is that this Tat/Rev substitution results from virus evolution in a new in vivo context, e.g. BRG-HIS mice. Even though the innate and adaptive immune responses are suboptimal in BRG-HIS mice, several pieces of evidence indicate that some immune responses can occur in humanized mice (Denton & García, 2011; Gorantla et al., 2010; Jiang et al., 2008) . In particular, virus evolution driven by immune responses has been observed in the Env protein, with some features recapitulating virus evolution observed in humans (Ince et al., 2010) . Consequently, the G61D mutation could be driven by immune pressure on Tat and/or Rev epitopes. As this mutation was also observed in a single clone of a single HIV-1 LAIinfected BRG-HIS mouse, it is likely that the immune pressure imposed on Tat/Rev is a general phenomenon and is not restricted to the HIV-rtTA virus, e.g. influenced by the presence of the Y26A mutation or the exogenous rtTA gene, although this cannot be excluded.
B-cell responses are suboptimal in BRG-HIS mice (Becker et al., 2010; Traggiai et al., 2004; Vuyyuru et al., 2011) , although some specific Igs can be observed and isolated (Becker et al., 2010; Gorantla et al., 2007; Traggiai et al., 2004) . In the case of HIV infection, HIV-specific Igs were detected in only one of 25 mice at 6 weeks p.i. by Baenziger et al. (2006) , in none of 17 mice by Gorantla et al. (2007) and in none of 16 mice by Berges & Rowan (2011) .
Depletion of the helper CD4
+ T-cells may provide an explanation for this inefficient generation of an HIVspecific antibody response. However, the absence of HIVspecific Igs in HIV-rtTA-infected mice seems to show that the lack of an HIV-specific humoral response is not due to the absence of signalling through helper CD4
+ T-cells but rather to an intrinsic suboptimal response in the BRG-HIS mice (Vuyyuru et al., 2011) . Alternatively, the general lack of detectable HIV-specific Igs in HIV-rtTA-infected BRG-HIS mice may relate to the low viral load in the spleen. It has been reported previously that a strong antibody response against HIV-1 gp120 correlates with a high viral load in the spleen of HIV-1 strain JRCSF-infected animals (Sango et al., 2010) . This suboptimal generation of an antibody response and, specifically, anti-HIV antibodies in BRG-HIS mice, may be overcome by the development of new optimized mouse models for HIV infection studies. For example, optimization of human cell reconstitution was demonstrated after restoration of a functional CD47/ SIRPa interaction, either by genetic engineering of the hHPCs prior to injection in the animals or by generating new genetically modified BALB/c RAG2 2/2 IL-2Rc c 2/2 mouse strains Strowig et al., 2011) . In these models, the number of engrafted human B-cells and the total plasma IgM and IgG concentrations are increased. Supplementation or replacement of several mouse cytokine genes, such as IL-7, IL-15, TPO and MCSF/IL-3, by their human equivalents might also have beneficial effects on the functional properties of the human immune cells generated in the HIS mouse models (Chen et al., 2009; Huntington et al., 2011; O'Connell et al., 2010; Rongvaux et al., 2011; van Lent et al., 2009; Willinger et al., 2011) . Overall, such new optimized humanized mouse models will be of interest to study HIV-rtTA replication properties and genetic stability over time, especially in settings where animals are successively exposed to and subsequently deprived of dox.
We have demonstrated the proof of concept of the ability of HIV-rtTA to replicate in vivo. This viral tool will be useful for fundamental research in vivo to study the impact of virus replication on different aspects of the HIV-1 infection process, such as immune activation or virus latency. Moreover, this drug-dependent virus is a powerful reagent that can provide essential information on the exact correlates of protection against HIV-1, which remain a major challenge in the HIV-1 vaccine field. (Gimeno et al., 2004; ter Brake et al., 2009; Traggiai et al., 2004; van Lent et al., 2010) . All manipulations of BRG-HIS mice were performed under laminar flow. All animal experiments were approved by the Animal Ethical Committee of the AMC-UvA.
METHODS
Viruses and cell culture. SupT1 cells (6610 6 ) were infected with 20 ng CA-p24 of HIV-1 LAI or HIV-rtTA-V14 (Zhou et al., 2006b) and cultured for 4-5 days with 1000 ng dox ml 21 . Culture supernatants were harvested, filtered (0.45 mm) and frozen at 280 uC. Virus production was determined by CA-p24 ELISA and TCID 50 determination. Culture supernatants of uninfected SupT1 cultured in the presence of 1000 ng dox ml 21 were also harvested, filtered and frozen and used as the mock control.
SupT1 cells were grown at 37 uC and 5 % CO 2 in RPMI 1640 (Gibco-BRL) supplemented with 10 % FCS, 100 U penicillin ml 21 and 100 mg streptomycin ml
21
. Human PBMCs were isolated from healthy individuals, activated with 2 mg phytohaemagglutinin ml 21 for 2 days and maintained with 100 U recombinant IL-2 ml 21 in RPMI 1640 (Gibco-BRL) supplemented with 10 % FCS, 100 U penicillin ml 21 and 100 mg streptomycin ml 21 .
HIV-1 infection. BRG-HIS mice (12-15 weeks old), reconstituted with a percentage superior to 15 % of human CD45 + cells in the blood at 8 weeks post-hHPC injection, were injected intraperitoneally with 0.3 ml HIV-1 LAI (n57) or HIV-rtTA (n59) at a dose of 5610 4 TCID 50 or were mock infected (n58). Infection was performed in a Biosafety Level 3 laboratory in accordance with the AMC-UvA animal facility guidelines. To allow in vivo HIV-rtTA-V14 production, dox was administered to the BRG-HIS mice in the food diet (2 g kg 21 ; Bioserv), starting 3 days prior to HIV-1 injection, and the food was refreshed once every 1-2 weeks during the course of the experiment. Two independent experiments were performed and the results were grouped. Taking into account the fact that the stability of the human xenograft in BRG-HIS mice decreases over time, especially when the animals reach 4-6 months of age (Lepus et al., 2009; Strowig et al., 2011; Traggiai et al., 2004) , the animals were sacrificed up to 10 weeks after onset of infection to ensure that optimal haematopoietic reconstitution was still obtained at time of sacrifice.
Plasma HIV-1 RNA load and CD4 + /CD8 + T-cell frequency. At each blood sampling of the animals, plasma HIV-1 RNA loads were determined by quantitative RT-PCR, as described previously (Pasternak et al., 2008) , and blood cells were labelled with antihuman mAbS targeting the following cell-surface markers: CD45 (clone 2D1), CD3 (clone SK7), CD4 (clone SK3) and CD8 (clone RPA-T8) (all from BD Biosciences), allowing determination of the frequency of blood CD4
+ and CD8 + T-cells.
ELISA and Western blotting. Plasma samples collected from the BRG-HIS mice were analysed for HIV-1-specific human antibodies by ELISA using a Genscreen HIV-1/HIV-2 kit (Bio-Rad Laboratories) and by Western blotting with an HIV Blot 2.2 (MP Diagnostics) according to the manufacturer's instructions.
Flow cytometry analysis for cell-surface markers. Cell suspensions of the BRG-HIS mouse organs were prepared in RPMI 1640 supplemented with 2 % FCS. The stained cells were fixed with 1 % paraformaldehyde for at least 30 min prior to FACS analysis. Cell suspensions were labelled with anti-human mAb targeting the following cell-surface markers: CD45 (clone 2D1), CD3 (clone SK7), CD4 (clone SK3), CD8 (clone RPA-T8), CD19 (clone SJ25C1), HLA-DR (clone G46-6) (all from BD Biosciences) and BDCA2 (clone AC144; Miltenyi Biotech). All washings and reagent dilutions were performed with PBS containing 2 % FCS and 0.02 % sodium azide. All data acquisitions were performed with an LSR-II (BD Bioscience) flow cytometer interfaced with the FACS-Diva software system.
Co-culture assay. Splenocytes from the BRG-HIS mice were cocultured with phytohaemagglutinin-activated human PBMCs isolated from healthy individuals in the presence of IL-2 (100 U ml
), without or with dox (1000 ng ml 21 ). Virus replication was monitored in the co-cultures by CA-p24 ELISA.
Virus sequencing. Splenocytes of the BRG-HIS mice were lysed by incubation with 200 mg proteinase K ml 21 at 56 uC for 1 h, followed by 95 uC for 10 min. Proviral DNA sequences were amplified by conventional nested PCR from total cellular DNA. For the LTR amplification, the primers AD-Gag (59-ATGGATCCGTTCTAGC-TCCCTGCTTGCCC-39) and U3-Xba-Not (59-ACGTCTAGAG-CGGCCGCACTGGAAGGGCTAATTCACTC-39) were used for the first PCR, and MO21 (59-CCCTGGCCTTAACCGAATTTT-39) and U3-Xba-Not for the nested PCR. For Tat amplification, FGS009 (59-ACCTTTGCCTAGTGTTACGAAACT-39) and Tat-intron-1 (59-CT-ATGATTACTATGGACCACACA-39) were used for the first PCR, and FGS009 and Tat-splice-1 (59-GGGAGGTGGGTTGCTTTGATAGA-GAAACTTGATG-39) for the nested PCR. For rtTA amplification, tTA2 (59-GTTATAGAAGTAGTACAAGGAGCT-39) and tTArev1 (59-GTCAAACCTCCACTCTAACACT-39) were used for the first PCR, and tTA2 and tTArev2 (59-GATCAAGGATATCTTGTCTTCGT-39) for the nested PCR.
Viral RNA was extracted from the plasma of BRG-HIS mice according to the isolation method of Boom et al. (1990) . Reverse transcription was performed using either random hexamers as primers or an equimolar mixture of four specific primers [tTArev1, Tat-intron-1, AD-Gag and scani (59-GAAGCACTCAAGGCAAGC-TTTA-39)] for the genes of interest and SuperScript III (Invitrogen) at 42 uC for 60 min according to the manufacturer's instructions, after which the reverse transcriptase was heat inactivated for 10 min at 70 uC. The same sets of primers as used for proviral DNA amplification were used for viral cDNA amplification, except for the LTR region, which was amplified with scani and tTA3 (59-CTGTGT-CAGCAAGGCTTCTC-39) for the first PCR, and scani and tTA4 (59-ACGCACTGTACGCTCTGTC-39) for the nested PCR.
Amplified products were purified on gels, extracted with a Bioké Extraction kit and cloned using a TOPO TA cloning kit (Invitrogen). An average of eight to ten colonies were sequenced with a BigDye Terminator cycle sequencing kit (Applied Biosystems) and aligned by CodonCode Aligner.
Statistical analyses. GraphPad Prism 5.01 was used for statistical analysis. Data were subjected to a Mann-Whitney U test analysis for comparisons of two groups. Multiple groups were subjected to a Kruskall-Wallis test adjusted for multiple comparisons. The obtained P values were considered significant at P,0.05 or P,0.01.
